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ABSTRACT

Xylella fastidiosa (Xf) is a Gram-negative gamma proteobacteria that is responsible for several economically important plant
diseases. The Zonula occludens toxin (Zot) is an exotoxin produced and secreted by Xf that has been suggested as a potential
virulence factor in other research. This report is a description of the recombination rates, nucleotide diversity, and rates of
linkage disequilibrium of both the Zot gene and the housekeeping gene gyraseB (gyrB). The Zot gene has a much higher
degree of nucleotide diversity, recombination rate, and less intragene linkage disequilibrium. This indicates that the Zot gene
is undergoing more selection pressure than the gyrB gene. Additionally, this report suggests that Xf has higher than reported
rates of recombination, but that this recombination is masked by similar sequence identity.

LAYPERSON SUMMARY

In this study, we examined the rates of recombination in two genes in the Xylella fastidiosa (Xf) genome. Recombination
occurs when strands of DNA interact, and sometimes switch. These instances occur in bacteria when bacteriophages, viruses
that infect bacteria, insert their genetic material into a bacterial cell, when bacteria undergo a form of mating, called
conjugation, or when bacteria uptake foreign DNA from outside of their cell. Recombination plays an important role in
evolution, by rearranging chromosomes, inserting new genetic sequences, or exchanging bits of genes from one strand of
DNA to another. It is an important source of mutation in bacteria, and little work has been done to study recombination in Xf.

INTRODUCTION

Xylella fastidiosa (Xf) is a Gram-negative, xylem-limited, fastidious, insect-transmitted, gamma proteobacteria (Wells et al.
1987). Five subspecies of Xf exist, including Xf fastidiosa which causes Pierce’s disease (PD), Xf sandyi which cases
oleander leaf scorch , Xf multiplex which causes almond leaf scorch, Xf pauca which causes citrus variegated chlorosis
(CVC), and Xf tashke (Purcell 1997, Schaad et al. 2004, da Silva et al. 2007, Randall et al. 2009). Xf has distinctly different
host ranges; though some strains of Xf are only pathogenic in a single host species, others cause disease in a variety of hosts
(Hopkins and Purcell 2002, Almeida et al. 2003). As much as 30% of the Xf genome is prophage in origin (Simpson et al.
2000, Van Sluys et al. 2003, Monteiro-Vitorello et al. 2005). Research has shown that most of the sequence variation in Xf
subspecies occurs in coding regions derived from bacteriophages (de Mello Varani et al. 2008). High rates of chromosomal
rearrangements, recombinations, and gene loss has been detected in the prophage regions of Xf (Monteiro-Vitorello 2005).
The Zonula occludens toxin (Zot) has been suggested as a new potential virulence factor in CVC caused by Xf 9a5c, a
member of subspecies pauca (da Silva et al. 2007). Zot genes are also found in the genomes of many other pathogenic
bacteria, including Vibrio cholera, Xanthomonas campestris, Stenotrophomonas maltophiliaand Ralstonia solanacearum
(Koonin 1992, Johnson 1993, Chang et al. 1998, Hagemann et al. 2006). The Zot genes in Xf appear in prophage regions of
the genome (Monteiro-Vitorello et al. 2005, de Mello Varani et al. 2008). Several of these Zotgenes share sequence
homology with the Zotgene found in Vibrio cholera, which is derived from the pl protein of a bacteriophage (Johnson 1993).
The prophagic pl protein is integral to proper virus packaging and export (Change et al. 1998). A search of available Xf
genomes in NCBI reveals that each Xf strain possesses multiple copies of Zot genes (Schreiber et al. 2010). Three distinct
subgroups exist amongst these Zotgenes. Most abundant are the members of the Zot1 subgroup, which are found in PD
strains Temeculal, M23, GB 514, and Ann-1 (Schreiber et al. 2010).

Recombination events can affect bacterial evolution (Maynard Smith et al. 1994), but little work on the recombination of
prophage regions of Xf has been done. Recombination rates have been shown to affect clonal complex composition and
influence the phylogenetic structure of Xf(Scally et al. 2005). However, short divergence times, and a low rate of mutation
has led to a high degree of clonality amongst Xf strains (Schuenzel et al. 2005). This high degree of similarity means reduces
the chances of accurately identifying recombination rates, as recombination events between identical sequences are
undectable via sequence analysis (Posada et al. 2002). As such, only a small fraction of recombination events are accurately
identified in sequences with high degrees of similarity (>99%), resulting in underestimates of recombination rates (Hudson
and Kaplan 1985).

This study is a presentation of materials describing the differences in recombination between a housekeeping gene, gyrB, and
a prophage gene with significant sequence divergence, Zotl. The gyrBgene was chosen because of its use in phylogenetic
analysis and its conserved nature (Morano et al. 2008), while the Zot1 gene was chosen because it is most prevalent amongst
the PD strains of Xf, is significantly divergent, and is prophage in origin.
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OBJECTIVES

1. Sequence the Zotland gyrBgenes in Texas strains of Xf.

2. ldentify areas of recombination using visual inspection methods as well as in silico analysis.

3. Compare rates of recombination between a prophage gene, Zot1 and a housekeeping gene, gyrB.

RESULTS AND DISCUSSION

Subspecies identification was performed using gyrB and mopB (Morano et al.2008) (Table 1). Quality trimming of the Zot1
sequences yielded 861bp sequences that shared 96.0% sequence identity. The sequences were fairly divergent, with 69
synonymous substitutions and 35nonsynonymous substitutions. Quality trimming of the gyrB sequences yielded 631bp
sequences that shared 99.0% sequence identity. The gyrB sequences contained 15 synonymous substitutions and
3nonsynonymous substitutions. This indicates that the Zotl gene is more divergent than the gyrB gene.

Table 1. Sample ID, Collection Site, County of Collection, Host Plant, Scientific Name of Host Plant, and Subspecies ID.

ple ID ollection ID 0 ost Pla pspecles ID
A MCC CER 040 McCulloch Vigonier grape Vitisvinifera fastidiosa
B VAL VAL 041 Val Verde Herbemont grape Vitis sp. cross fastidiosa
C LLA FAL 747 Llano Chardonnay grape Vitisvinifera fastidiosa
D XFJK 13.87 Erath Glassy-winged sharpshooter Homalodiscavitripennis fastidiosa
E LLA FAL 634 Llano S04 Rootstock for grape Vitis sp. cross fastidiosa
F XFJK 12.57 Erath Cabernet Sauvignon grape Vitisvinifera fastidiosa
G XFJK 12.69 Erath Zinfandel grape Vitisvinifera fastidiosa
H XFJK 14.11 Erath Ruby Cabernet grape Vitisvinifera fastidiosa
| GIL GRA 315 Gillespie Wine grape Vitisvinifera fastidiosa
J 2018 GIL 007 Gillespie innoc. Chardonnay, reisolated Plantanus sp. (Vitis sp.) fastidiosa
K BAN POL 055 Bandera Black Spanish grape Vitis sp. cross fastidiosa
L HEN GRA 038 Henderson Blanc du Bois grape Vitis sp. cross fastidiosa
N LLA FAL 738 Llano S04 Rootstock for grape Vitis sp. cross fastidiosa
(0] LLA FAL 745 Llano SO4 Rootstock for grape Vitis sp. cross fastidiosa
1 GIL BEC 514 Gillespie Wine grape Vitisvinifera fastidiosa
2 GIL BEC 519 Gillespie Wine grape Vitisvinifera fastidiosa
3 GIL BEC 528 Gillespie Wine grape Vitisvinifera fastidiosa
4 GIL GRA 316 Gillespie Wine grape Vitisvinifera fastidiosa
5 MCC CER 011-1 McCulloch Cabernet Sauvignon grape Vitisvinifera fastidiosa
7 TRA FLA 338 Travis Muscat Blanc grape Vitisvinifera fastidiosa
8 TRA FLA 380 Travis TintaMadiera Vitisvinifera fastidiosa
9 VAL VAL 033 Val Verde Black Spanish grape Vitis sp. cross fastidiosa
10 XFJK 21.4 Erath Ruby Seedless grape Vitisvinifera fastidiosa
11 MED PRI 023 Medina Oleander Nerium oleander sandyi
12 MED PRIO 45-1 Medina Oleander Nerium oleander sandyi
13 MED PRI 047 Medina Oleander Nerium oleander sandyi
14 MED PRI 049-2 Medina Oleander Nerium oleander sandyi
15 MED PRI 054 Medina Oleander Nerium oleander sandyi
18 BAN POL 039 Bandera Golden Rod Solidago sp. multiplex
20 GIL BEC 626B Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex
21 GIL BEC 627 Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele ~ multiplex
22 GIL BEC 628A Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex
24 GIL GRA 281 Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele  multiplex
27 KIM 001 Kimble Redbud Cerciscanadensis multiplex
28 KIM 004 Kimble Redbud Cerciscanadensis multiplex
30 LLA FAL 651 Llano Heart leaf Peppervine Ampelopsis cordata multiplex
31 LLA FAL 718A Llano Narrow leaf Sumpweed lva texensis multiplex
33 LLA FAL 752 Lamar Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex
34 MCC CER 044 McCulloch Giant Ragweed Ambrosia trifida L. var. Texana Scheele ~ multiplex
36 UVA 122A Uvalde Sycamore Plantanus sp. multiplex
37 UVA 521-2B Uvalde Red Bud Cercis sp. multiplex
38 UVA TAM 115 Uvalde Western Soapberry Sapindussaponaria L. var. drummondii multiplex
39 VAL VAL 072A Val Verde Giant Ragweed Ambrosia trifida L. var. Texana Scheele ~ multiplex

The sequenced genes were aligned using Geneious v. 5.1. Analysis of the sequences was performed using DnaSP to identify

sequence characteristics (Rozas et al. 2003).Nucleotide Diversity, per nucleotide (x) and average number of nucleotide
changes per gene (0) were calculated to identify the differences in nucleotide variability between the Zot1 and gyrB genes

(Table 2). These numbers show that the Zotl gene has a much higher rate of variability than the gyrB gene. The rate of
recombination per gene, R, was calculated using the minimum number of recombinations statistic (Rm) following the
protocol of Hudson and Kaplan (1987), (Table 2). Although the minimum number of recombinations was much higher for
the Zot1 gene, the gyrBgene displayed a higher rate of recombination overall. Finally, the rate of linkage disequilibrium of
each gene was calculated, as an indirect measure of recombination (Table 3). The ZZ statistic of Rozas et al. (2001) was
used in place of the Z,s proposed by Kelly (1999) for greater accuracy in determining the rates of recombination. The higher
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ZZ value of the Zotl gene indicates a greater amount of recombination is apparent in the Zot1 gene than in the gyrBgenes.
The much larger number of informative sites, corrected using the Bonferroni calculations, for the Zot1 gene supports the
conclusion derived from the ZZ statistic.

Table 2. Results of sequence analysis using DnaSP v. 5.1.

Sequence Characteristics Test Zotgene | gyrB gene

Nucleotide Diversity Nucleotide Diversity, 0.0355 0.0112
per nucleotide (x)
Average number of 29.31 2.394
nucleotide changes per
gene (0)

Recombination Minimum number of 20 0
recombinations, Rm
Estimate of 4.1 6.3
recombination per gene,
R

Linkage Disequilibrium Fisher's Exact Test 1444 12
with Bonferroni 129 11
correction
Chi squared Test 2408 12
with Bonferroni 545 11
correction
ZZ Value 0.2371 0.2004

Coalescent simulations were performed using DnaSP v. 5.1 based on the 0 statistic and the observed rate of recombination for
each gene to predict the Rm statistic and ZZ statistic in a hypothetical population (Rozas et al 2003). Simulations were run
1000 times in order to obtain a predicted average, and a 95% confidence interval. This average was then compared to the
observed value to identify the probability that the observed value lies outside the predicted bell curve. The coalescent
simulations show that the observed values of the Zot1 gene lie outside the predicted bell curve for both the Rm and ZZ
statistic. This indicates either relaxed negative selection or positive selection pressures are working on the Zot1 gene to
increase genetic diversity by overcoming negative selection sweeps that are common to gene recombination.

Table 3. Coalescent simulations performed using DnaSP v. 5.1. Simulations were run using observed values of Rm and the 6
statistic.

Rm Observed Simulated 95% confidence p-value of observed Rm statistic
Value Average interval

Zot gene 20.00 3.49 1.00 to 7.00 0.000***

gyrB gene 2.00 2.20 0.00 to 3.00 0.681(ns)

zZ Observed Simulated 95% confidence p-value of observed ZZ statistic

Statistic Value Average interval

Zot gene 0.237 0.053 -0.015 to 0.159 0.001 **

gyrB gene 0.200 0.041 -0.077 t0 0.213 0.07(ns)

CONCLUSIONS

The results of the experiments performed in this project suggest that the Zot1 gene is evolving rapidly and is prone to
recombination events. As Zot proteins have been identified as potential virulence factors, this phenomenon deserves greater
scrutiny. Previous reports have identified relatively low rates of recombination in Xf. The high sequence similarity between
strains of Xf, as much as 98% between subspecies, may be masking high rates of recombination that leave no genetic trace
when they occur between highly similar strains. Further research into divergent regions of the Xf genome to determine actual
rates of recombination is warranted, given the rate of cohabitation common to Xf strains.
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